Plain Language Summary {#S0001}
======================

Increasing rates of antibiotic resistance can complicate the treatment of urinary tract infections (UTIs) and increase patient burden and health care costs. Carbapenem antibacterial agents are considered a last resort treatment for serious infections caused by gram-negative bacteria, and resistance to carbapenems is a public health threat. We examined the association between certain patient characteristics and clinical outcomes and costs for patients with gram-negative UTIs in which carbapenem treatment was not effective (carbapenem-nonsusceptible). We used electronic data from a health care claims database to identify which characteristics could predict patient outcomes (risk of death, readmission into the hospital, length of hospital stay, and financial costs).

Patients who were admitted to the intensive care unit, were on a ventilator, or had underlying diseases were at the greatest risk of poor outcomes, including longer hospital stays, higher chances of hospital readmission, increased treatment costs, and a greater risk of death. Patients with carbapenem-nonsusceptible UTIs whose infections started in the hospital had increased risk in every evaluated area, with almost \$50,000 more in treatment costs, compared with infections acquired outside of the hospital. To our knowledge, this is the first study to focus on predictors in a UTI population suffering from confirmed carbapenem-nonsusceptible infections. These data support the identification of at-risk patients so that early, appropriate therapy can be given to those most vulnerable. These data also highlight the need for careful infection control practices in hospitals.

Introduction {#S0002}
============

Urinary tract infections (UTIs) due to gram-negative bacteria are common in the United States (US) and are associated with an increasing number of hospitalizations.[@CIT0001],[@CIT0002] The economic burden of UTI hospitalizations is high, with an estimated annual cost of \$2.8 billion (2011 US dollars).[@CIT0002] Further compounding the burden of UTIs is the emerging resistance to commonly used antibiotics in both outpatient and inpatient settings.[@CIT0003],[@CIT0004] Resistance to carbapenem antibiotics has been declared an urgent public health threat, as carbapenems are often used as a last-resort treatment for serious gram-negative infections.[@CIT0005] Infections due to carbapenem-nonsusceptible gram-negative pathogens are costly and pose a greater clinical burden compared with carbapenem-susceptible pathogens.[@CIT0006]--[@CIT0008]

In a recent multicenter study of propensity score-matched cohorts with carbapenem-nonsusceptible versus carbapenem-susceptible infections, carbapenem-nonsusceptible status was associated with a significantly increased mortality risk in hospital-onset cases and a significantly increased risk of 30-day readmissions, increased length of stay (LOS), and increased total cost regardless of onset setting.[@CIT0009] To better understand the risk factors associated with worse clinical and economic outcomes among patients who have the greatest and most acute burden due to carbapenem-nonsusceptible UTIs, we further examined patient- and hospital-level predictor variables for the entire carbapenem-nonsusceptible UTI cohort.

Materials and Methods {#S0003}
=====================

Data Source {#S0003-S2001}
-----------

We used electronically captured microbiological and administrative data from 78 acute care hospitals in the BD Insights Research Database (Becton, Dickinson and Company; Franklin Lakes, NJ, USA).[@CIT0010]--[@CIT0012] The data set for the current study included microbiological data (specimen collection time, source, and culture results), census data (care location), and postdischarge administrative data (principal diagnosis, discharge disposition, payer, hospital LOS, total cost, and payment received). The study dataset was a deidentified and limited retrospective dataset exempted from patient consent by the New England Institutional Review Board (Wellesley, MA, USA). The study was conducted in compliance with the Health Insurance Portability and Accountability Act of 1996. All procedures followed were in accordance with the ethical standards of the Helsinki Declaration.

Patients {#S0003-S2002}
--------

Consecutive adult patients aged 18 years or older admitted as inpatients from January 1, 2013 through September 30, 2015 were included in the analysis. All patients had culture-confirmed nonduplicate (in patients with more than 1 isolate, the isolates were obtained at least 30 days apart) gram-negative pathogens isolated from a urine source that were not susceptible to carbapenem antibiotics.

Definitions {#S0003-S2003}
-----------

Based on the Centers for Disease Control and Prevention National Healthcare Safety Network definition,[@CIT0013] carbapenem-nonsusceptible was defined as nonduplicate gram-negative isolates from a urine source that tested "resistant" or "intermediate" to imipenem or meropenem for *Pseudomonas aeruginosa* or *Acinetobacter baumannii*, or to imipenem, meropenem, doripenem, or ertapenem for Enterobacteriaceae (*Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis, Enterobacter cloacae, Enterobacter aerogenes, Serratia marcescens, Citrobacter freundii*, or *Morganella morganii*). Each hospital's interpretation of the results reported in the laboratory information system dictated the classification of isolates as "resistant" or "intermediate." Isolates were classified as community- or hospital-onset based on the specimen collection time (\<3 vs ≥3 days from admission).

Outcomes {#S0003-S2004}
--------

Outcomes of interest included in-hospital mortality, 30-day readmission, LOS, and hospital total cost and net gain/loss (total cost minus payment received) per case, which were derived from postdischarge administrative data within the administrative database and the hospital financial database.

Statistical Analysis {#S0003-S2005}
--------------------

Univariate analysis was conducted to examine the associations between each potential predictor variable and each outcome measure. The potential predictor variables included age, sex, payer, intensive care unit (ICU) admission status, principal diagnosis-based disease groups as a measure of underlying clinical conditions (Clinical Classification Software),[@CIT0014] and hospital characteristics (teaching status, number of beds, and geographic location). An aggregated measure of clinical and disease severity using a published Acute Laboratory Risk of Mortality Score (ALaRMS)[@CIT0015] was also included. The ALaRMS uses patient demographics and 24 numeric laboratory test results to score the probability of in-hospital mortality. The laboratory results include serum chemistry (albumin, aspartate transaminase, alkaline phosphatase, blood urea nitrogen, calcium, creatinine, glucose, potassium, sodium, and total bilirubin); hematology and coagulation parameters (bands, hemoglobin, partial thromboplastin time, prothrombin time international normalized ratio, platelets, and white blood cell count); arterial blood gas (partial pressure of carbon dioxide, partial pressure of oxygen, and pH value); and cardiac markers (brain natriuretic peptide, creatine phosphokinase-MB, pro-brain natriuretic peptide, and troponin I or troponin T).

In the multiple regression analysis phase, 5 multivariable regression models were developed, one for each outcome measure, using the generalized linear mixed model (GLMM) method. First, the Statistical Analysis Software (SAS) GLMM selection procedure was used to generate a set of significant covariates. Second, we used significance of the covariates and goodness-of-fit model statistics, including the Akaike information criterion and Bayesian information criterion, to select our model and the variables included. The GLMM approach was chosen for this study because it accounts for variations among hospitals by modeling "hospital" as the random effect. Specifically, the 2 binary outcomes (mortality and readmission) were modeled using random intercept logistic regression models, and the continuous outcome measures were modeled using GLMM with appropriate link functions (log-normal or gamma distributions) to handle right-skewed data (LOS, total cost). The results were converted back to their original scale (days, dollars) of measurement by using the ILINK option in SAS GLIMMIX procedure. Reference groups were automatically assigned by SAS and were typically the largest single group. For analysis of mortality, we chose diseases of the genitourinary system as the reference group as it had the lowest mortality rate and would ensure all other disease groups had a positive coefficient. All analyses were conducted using SAS version 9.4 (SAS Institute, Inc.; Cary, NC, USA). Results for individual predictor variables in the multivariable analysis were organized and presented within the following variable groups (demographics, onset, severity, underlying diseases, organism, and hospital characteristics).

Results {#S0004}
=======

Patient Characteristics {#S0004-S2001}
-----------------------

Of 40,681 nonduplicate urine source isolates tested for carbapenem susceptibility, a total of 1439 carbapenem-nonsusceptible urine cases were identified ([[Supplemental Figure 1](https://www.dovepress.com/get_supplementary_file.php?f=234840.docx)]{.ul}). Of those cases, slightly more patients were female (51.9%), aged ≥65 years (65.1%), and receiving Medicare (69.4%; [[Supplemental Table 1](https://www.dovepress.com/get_supplementary_file.php?f=234840.docx)]{.ul}). Most infections were community-onset (n=1153 \[80.1%\]). Carbapenem-nonsusceptible pathogens included non-*E. coli* Enterobacteriaceae and *A. baumannii* (40.9%), *P. aeruginosa* (38.0%), polymicrobial (16.9%), and *E. coli* (4.2%).

Univariate Analysis of Associated Outcomes {#S0004-S2002}
------------------------------------------

The overall mortality rate was 5.5% (n=79/1439), and the all-cause readmission rate was 25.0% (n=340/1360 live discharges). The mean (standard deviation \[SD\]) LOS was 12 (14) days, and the median (interquartile range \[IQR\]) was 12 (8--14) days. The mean (SD) total cost per case was \$21,502 (\$37,172), and the median (IQR) was \$11,231 (\$6384--\$21,850). The mean (SD) loss per case was \$5828 (\$26,540), with a median (IQR) of --\$1539 (--\$8407 to \$2189).

Multivariable Analysis of Associated Outcomes {#S0004-S2003}
---------------------------------------------

In the multivariable mortality model, the greatest odds ratios (ORs) were observed in the underlying diseases category of predictor variables, followed by the severity and infection-onset groups ([Figure 1](#F0001){ref-type="fig"}). Neoplasms and infectious and parasitic diseases were the predictor variables associated with the greatest risk in the multivariable analysis. Smaller, yet statistically significant ORs were observed for ALaRMS in the fourth or third quartile, mechanical ventilation/ICU status, and hospital-onset infection.Figure 1Multivariable analysis: mortality model.**Notes:** Dashed line denotes unity (the line of no effect). Odds ratios for predictor variables are relative to the reference population for each variable grouping. Statistical significance (*P*\<.05) is indicated in bold text. ^a^Infectious diseases were predominantly septicemia.**Abbreviations:** ALaRMS, Acute Laboratory Risk of Mortality Score; CI, confidence interval; ICU, intensive care unit; *P*, probability value.

For 30-day readmission, the greatest ORs were observed in the underlying diseases and infection-onset groups ([Figure 2](#F0002){ref-type="fig"}). An underlying disease diagnosis in the "Other" category was observed to have the greatest risk of 30-day readmission overall, followed by hospital-onset infection. More than 1 hospital admission 90 days before the index hospital admission and underlying primary clinical conditions involving diseases of the circulatory system were also associated with a significantly increased risk of 30-day readmission, although with smaller ORs. The only predictor variable associated with a significantly lower risk of 30-day readmission was having no hospital admissions 90 days before the index admission.Figure 2Multivariable analysis: 30-day readmission model.**Notes:** Dashed line denotes unity (the line of no effect). Odds ratios for predictor variables are relative to the reference population for each variable grouping. Statistical significance (*P*\<.05) is indicated in bold text. ^a^Infectious diseases were predominantly septicemia.**Abbreviation:** CI, confidence interval; *P*, probability value.

Predictor variables that contributed significantly and to the greatest degree to increased LOS burden included hospital-onset infection (25.7 vs 10.2 days for community-onset infection; *P*\<.001), neoplasms (20.0 vs 13.6 days for diseases of the genitourinary system; *P*=.02), polymicrobial infection (19.7 vs 14.7 days for *E. coli; P*=.01), and ALaRMS in the fourth quartile (19.2 vs 14.3 days for first quartile; *P*\<.001) ([Figure 3](#F0003){ref-type="fig"}). Other predictor variables associated with increased LOS burden, but to a lesser degree, included mechanical ventilation/ICU status (*P*\<.001), ALaRMS in the third quartile (*P*=.03), diseases of the digestive (*P*\<.001) and respiratory (*P*=.04) systems, infectious and parasitic diseases (*P*\<.001), injury and poisoning (*P*=.02), "Other" diagnosis (*P*\<.001), and residing in the geographic South region (*P*=.001). No hospital admissions 90 days before the index admission was the only predictor variable that contributed to lower LOS burden (15.1 vs 16.7 days for 1 hospital admission 90 days before index admission; *P*=.03).Figure 3Multivariable analysis: LOS model.**Note:** Statistical significance (*P*\<.05) is indicated in bold text. ^a^Infectious diseases were predominantly septicemia.**Abbreviations:** ALaRMS, Acute Laboratory Risk of Mortality Score; CI, confidence interval; ICU, intensive care unit; LOS, length of stay; *P*, probability value.

For hospital total cost, predictor variables that contributed significantly and were associated with the greatest increases included hospital-onset infection (\$67,810 vs \$22,141 for community-onset infection; *P*\<.001), neoplasms (\$65,751 vs \$27,447 for underlying diseases of the genitourinary system; *P*\<.001), mechanical ventilation or ICU status (\$50,645 vs \$29,751 for no mechanical ventilation or ICU status; *P*\<.001), and ALaRMS in the fourth quartile (\$50,816 vs \$31,619 for first quartile; *P*\<.001) ([Figure 4](#F0004){ref-type="fig"}). Other predictor variables that contributed significantly to total cost, but to a lesser degree, included ALaRMS in the third quartile (*P*\<.001), diseases of the circulatory, digestive, and respiratory systems (*P*≤.01), infectious and parasitic diseases (*P*\<.001), injury and poisoning (*P*\<.001), "Other" diagnosis group (*P*\<.001), polymicrobial infection (*P*=.01), receiving treatment in a teaching institution (*P*\<.001), and residing in the West region (*P*\<.001) ([Figure 4](#F0004){ref-type="fig"}). Factors that contributed significantly to decreased total cost included location within the South region (\$30,938 vs \$34,871 for Midwest region; *P*=.02) and age 75--84 years and ≥85 years (\$34,001 and \$28,628, respectively, vs \$48,412 for age 18--34 years; *P*\<.01).Figure 4Multivariable analysis: hospital total cost model.**Note:** Statistical significance (*P*\<.05) is indicated in bold text. ^a^Infectious diseases were predominantly septicemia.**Abbreviations:** ALaRMS, Acute Laboratory Risk of Mortality Score; CI, confidence interval; ICU, intensive care unit; *P*, probability value; USD, United States dollars.

A net loss for each case was observed for all predictor variables in the multivariable analysis ([Figure 5](#F0005){ref-type="fig"}). Predictor variables that contributed significantly to the highest net loss per case included hospital-onset infection (losses of \$28,054 vs \$10,809 for community-onset infection; *P*\<.001), neoplasms (losses of \$28,789 vs \$18,680 for diseases of the genitourinary system; *P*\<.05), and mechanical ventilation or ICU status (losses of \$24,120 vs \$14,744 for no mechanical ventilation or ICU status; *P*\<.001). Polymicrobial infections and diseases of the digestive system were also significantly associated with increased net loss per case, but to a lesser extent (*P*≤.03). By contrast, multiple predictor variables in the analysis were also found to be associated with decreased net loss per case, including age groups of 45--54 years, 55--64 years, 65--74 years, 75--84 years, and ≥85 years (losses of \$12,422, \$12,768, \$16,857, \$14,904, and \$15,767, respectively, vs losses of \$34,148 for age 18--34 years; all *P*\<.001) and private/other insurance (losses of \$15,435 vs \$24,418 for Medicaid; *P*=.01).Figure 5Multivariable analysis: net loss model.**Note:** Statistical significance (*P*\<.05) is indicated in bold text. ^a^Infectious diseases were predominantly septicemia.**Abbreviations:** CI, confidence interval; ICU, intensive care unit; *P*, probability value; USD, United States dollars.

Discussion {#S0005}
==========

Gram-negative, carbapenem-nonsusceptible UTIs are associated with considerable clinical and economic burden. Our analysis identified patient- and hospital-level predictor variables tied to the increased burden. Specifically, hospital-onset infections, polymicrobial infections, higher clinical severity (as determined by mechanical ventilation/ICU status or higher ALaRMS quartile), and the presence of underlying diseases (neoplasms, infectious/parasitic diseases, and diseases of the circulatory system) contributed the most to overall burden.

Hospital-onset infections significantly impacted all outcomes evaluated and were associated with a 2-fold increase in the risk of mortality and 30-day readmission, and up to a 3-fold increase in LOS (15 additional days), total cost (\~\$46,000 additional cost), and net loss per case (\~\$17,000 increased loss) compared with community-onset infections. These findings are consistent with previous studies that reported significantly worse outcomes and higher costs for a variety of hospital-onset infection types compared with community-onset infections.[@CIT0016]--[@CIT0018] The high clinical and economic impact of hospital-onset infections highlights the importance of continued efforts in infection control and prevention.

Polymicrobial infections were associated with a significantly increased LOS of 5 days, increased total cost per case of \~\$14,000, and increased loss per case of \~\$8000, compared with the reference population of urinary *E. coli* infections. It is possible that the increased LOS and costs associated with polymicrobial infections observed in our study are due in part to the burden of managing multiple types of pathogens and complex antimicrobial regimens. Polymicrobial UTIs are common in patients who are catheterized over long-term periods, as well as in the elderly and those who are immunocompromised, have diabetes, or have a malignancy.[@CIT0019],[@CIT0020] Indeed, multiple predictor variables in the underlying diseases category (neoplasms, circulatory, respiratory, digestive, genitourinary, infectious and parasitic diseases, and injury and poisoning) had individually significant contributions to increased LOS and increased loss per case. An association between polymicrobial infections and inappropriate antibacterial therapy has been previously described,[@CIT0019] but further evaluation would be required to determine whether inappropriate antibacterial therapy contributed to the increased overall burden of polymicrobial infections observed in our study.

Mechanical ventilation and ICU status were associated with a 2-fold increase in the risk of mortality, \~4 additional days to LOS, \~\$21,000 in additional total cost, and \~\$9000 additional loss per case. A recent prospective surveillance study conducted in France observed that hospital-acquired infections in the ICU setting protracted LOS by 5 days compared with patients without hospital-acquired infections.[@CIT0017] That study included patients with multiple infection types, but approximately 40% of patients had a UTI either alone or with another concurrent infection. In a separate retrospective study of hospitalized patients with carbapenem-nonsusceptible infections (gram-negative UTIs, pneumonia, and sepsis), significantly more patients were receiving mechanical ventilation than those patients with carbapenem-susceptible infections.[@CIT0008] Thus, it is not surprising that either ICU status or mechanical ventilation was observed to be significant contributors to worse outcomes and increased costs in the present study.

Elevated values from the ALaRMS, which is a validated, aggregate measure of clinical and disease severity, were also observed as a predictor variable significantly associated with worse outcomes and increased burden in our study.[@CIT0015] The risk of mortality was 2 to 3 times higher in patients with an ALaRMS value in the third and fourth quartiles (approximately 47% of our study population), and an ALaRMS value in the fourth quartile was associated with an additional LOS of \~5 days and increased total cost of \~\$19,000 compared with values in the first quartile. A retrospective study that used the quick Sequential Organ Failure Assessment (qSOFA) score to identify at-risk patients with Enterobacteriaceae sepsis observed an association between increased qSOFA score (≥2 vs \<2) and longer LOS and higher mortality.[@CIT0021] These results consistently demonstrate the importance of objectively measured clinical severity as one of the most important confounding factors (as demonstrated by the large ORs and coefficients in the models) for both clinical and economic outcomes.

The current study expanded on a recent study that demonstrated an increased clinical and economic burden of complicated UTIs caused by carbapenem-nonsusceptible gram-negative pathogens.[@CIT0009] To our knowledge, this is the first study to focus on predictor variables in a UTI population with laboratory-confirmed carbapenem-nonsusceptible infections, in contrast to previous studies that have either assessed variables and burden in patients with a variety of infection types[@CIT0016]--[@CIT0018] or with UTIs caused by pathogens with unknown carbapenem susceptibility.[@CIT0022] Our study population included patients who presented to a broad sample of acute-care health care institutions in the US (n=78) where laboratory-confirmed microbiological nonsusceptibility to carbapenems was established in a large number of urine source isolates (\>40,000). The acute clinical presentation of patients combined with laboratory-confirmed microbiology results are strengths that improve the relevance and applicability of these data to clinicians in modern everyday practice.

There are limitations in the current study. As a retrospective study, it may be subject to potential biases and confounding. We were only able to assess measured predictors, and factors not measured in the data remain to be studied in the future. Although this study included data from 78 facilities of varying size, teaching status, and geographic location in the US, it was not necessarily representative of all US hospitals. In our multivariable analysis, a variable addressing the "leading time prior to hospital-onset carbapenem-nonsusceptible complicated UTI" was eliminated due to high collinearity with hospital-/community-onset status. Therefore, we acknowledge potential overestimation of the impact of hospital-onset infections on LOS and cost due to uncounted confounders. Regardless of the magnitude of effect of hospital-onset infections, the findings from the current study support that prevention of hospital-onset carbapenem-nonsusceptible complicated UTI is beneficial to patients and hospitals.

Conclusion {#S0006}
==========

Hospital-onset infections, polymicrobial infections, higher clinical severity, and underlying diseases contributed most to the overall burden in patients hospitalized with carbapenem-nonsusceptible gram-negative UTIs. Collectively, these data serve as a reminder to health care providers of the importance of infection control and prevention in everyday practice to reduce the incidence of hospital-onset infections and polymicrobial infections, thereby reducing the burden to patients and society. Estimates showing that nearly 2% of patients hospitalized for \>48 hrs develop hospital-acquired UTIs and that approximately 65% of catheter-associated UTIs may be preventable are a concern, which reinforce calls to action by advocacy groups and government institutions such as the World Health Organization's Global Infection Prevention and Control Network, the US Centers for Disease Control and Prevention, and the US Department of Health and Human Services.[@CIT0022]--[@CIT0026] These findings also lend support to future research initiatives, including the creation of an in-hospital risk-stratification algorithm to appropriately identify patients at greatest risk of increased burden as well as to guide the selection of appropriate empiric antimicrobial therapy.
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